The periodic transference of nucleotide strings in bacterial and archaeal complete genomes is investigated by using the metric representation and the recurrence plot method. The generated periodic correlation structures exhibit four kinds of fundamental transferring characteristics: a single increasing period, several increasing periods, an increasing quasi-period and almost noincreasing period. The mechanism of the periodic transference is further analyzed by determining all long periodic nucleotide strings in the bacterial and archaeal complete genomes and is explained as follows: both the repetition of basic periodic nucleotide strings and the transference of non-periodic nucleotide strings would form the periodic correlation structures with approximately the same increasing periods.
Introduction
Since complete genomes of many organisms are available from web-based databases, a full and systematic search of genome structures, functions and dynamics becomes an essential part of the study for both biologists and physicists. For the large amount of genomes, developing quantitative methods to extract meaningful information is a major challenge with respect to applications of statistical mechanics and nonlinear dynamics to biological systems [1, 2] . To understand the complete genomes, some statistical and geometrical methods were developed [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18] . The studies of the complete genomes of many organisms came up with the determinations of the nontrivial statistical characteristics, such as the long-range correlations, the short-range correlations and the fractal features or genomic signatures. In particular, it was found that the transposable elements, as the mobile DNA sequences, have the ability to move from one place to another and make many replicas within the genome via the transposition [19, 20, 21] . Their origin, evolution, and tremendous effects on the genome structure and the gene function are issues of fundamental importance in biology [22, 23, 24] .
In general, the symbolic dynamics and the recurrence plots are basic methods of nonlinear dynamics for analyzing complex systems [25, 26] . Although the conventional methods have made great strides in understanding genetic patterns, they are required to analyze the so-called junk DNA with complex functions governing mutations [27, 28] . Recently, a one-to-one metric representation of a genome borrowed from the symbolic dynamics was proposed to form a fractal pattern in a plane [29, 30] . By using the metric representation method, the recurrence plot technique of the genome was established to analyze the correlation structures of nucleotide strings [31, 32] .
The transference of nucleotide strings appears at many positions of a complete genome and makes a regular and irregular correlation structures, but the periodic correlation structures in the complete genome are the most interesting in view of the dynamics. In this paper, using the metric representation and the recurrence plot method, we identify periodic correlation structures in bacterial and archaeal complete genomes and analyze the mechanism of the periodic correlation structures. Since the nucleotide strings include transposable elements, the mechanism is conducible to understanding the genome structures in terms of nucleotide strings transferring in the genomes and exploring relations between transference of nucleotide strings and the transposable elements.
Correlation structures in periodic and random sequences
In what follows, we give a brief presentation of the metric representation and the recurrence plot method, which are detailed in [29, 30, 31, 32] . For a given symbolic sequence
where µ i is 0 if s i ∈ {A, C} or 1 if s i ∈ {G, T } and ν i is 0 if s i ∈ {A, T } or 1 if s i ∈ {C, G}. It maps the one-dimensional symbolic sequence to the two-dimensional plane (α, β). The subsequences with the same ending lnucleotide string are labeled with Σ l . They correspond to points in the zone encoded by the l-nucleotide string. With two subsequences Σ i ∈ Σ l and Σ j (j ≥ l), we calculate
where ǫ l = 1/3 l and Θ is the Heaviside function [Θ(x) = 1, if x > 0; Θ(x) = 0,
on a plane. Repeating the above process for i ∈ [l, N] and j ∈ [l, N], we obtain a recurrence plot of the symbolic sequence. To present the correlation structure in the recurrence plot plane, we define a correlation intensity at a given correlation distance d as
which displays the transference of l-nucleotide strings in the symbolic sequence. On the recurrent plot plane, since Σ i and Σ j ∈ Σ l , the transferring element has a length l at least. We calculate the maximal value of x to satisfy
i.e., Σ i+x and Σ j+x ∈ Σ l . The transferring element has a length L = l + x max and is placed at the positions (i − l + 1, i + x max ) and (j − l + 1, j + x max ), which implies the correction distance d = j − i.
To understand the transferring characteristics of a complex genome, we investigate the correlation structures of simple periodic and random sequences.
By randomly combining the four letters A, C, G and T, we firstly generate two random nucleotide sequences: one has the length of 67 and another has the length of 5000. Then, a periodic nucleotide sequence with the total length of 5000 is formed by repeating the short nucleotide string. Using the metric representation and the recurrence plot method, we may determine the correlation intensities at different correlation distances with l = 8 for the periodic and random sequences in Fig. 1 . It is evident that there exist equidistant parallel lines with a basic correlation distance in Fig. 1(a) 3 Periodic nucleotide strings in bacterial and archaeal complete genomes
At the end of 1999, complete genomes including more of 20 bacteria were in the Genbank [7] . By using the string composition and the metric representation method, the suppressions of all short strings in 23 bacterial and archaeal complete genomes were determined [7, 30] . In this section, using the metric representation and the recurrence plot method, we determine all long periodic nucleotide strings (≥ 20 bases) in the 23 bacterial and archaeal genomes. For the 23 genomes, only 13 have long periodic nucleotide strings.
All basic strings and their lengths of the long periodic nucleotide strings in the 13 bacterial and archaeal genomes are presented in Table I 
Periodic correlation structures in bacterial and archaeal complete genomes
The periodic correlation structures of a complete genome contain several basic periodic and/or quasi-periodic lengths, which are determined by using the metric representation and the recurrence plot method as follows. From the relationship between the correlation intensity and the correlation distance obtained by using Eq. (3), the basic periodic lengths and their integer multiples with strong correlation intensities can be calculated. Moreover, in the transference of nucleotide strings obtained by using Eq. (4), the correlation distance with basic periodic lengths and their integer multiples can also be found. By using both methods, the basic periodic lengths of the periodic correlation structures are determined, as shown in Table II, where the 23 complete genomes with official genbank accession numbers are arranged in the order of decreasing suppressions of nucleotide strings [30] . When the periodic correlation structures have only a few peaks of the correlation intensity within the correlation distance, the basic periodic lengths are put in parentheses. To see the characteristics of the periodic correlation structures, we also present all basic string lengths in long periodic nucleotide strings (≥ 20 bases) in Table II . When a periodic correlation structure is identified based on a long periodic nucleotide string, the transference of nucleotide strings composed of the basic strings appears at some positions where the correlation distance is integer multiples of the period and monotonically increases.
At the same time, the lengths of transferred nucleotide strings monotonically decrease. There exists a "cascade" arrangement of nucleotide strings related to the basic periodic length. However, when a periodic correlation structure is identified based on non-periodic nucleotide strings, the transference of nucleotide strings appears at several positions where the correlation distance is almost integer multiples of the basic periodic length. There are no "cascade" arrangements of nucleotide strings related to the basic periodic length.
According to the characteristics of the periodic correlation structures, the results can be summarized as follows:
( 
where the basic quasi-periodic length d b 3 is 296 and x 1 , x 2 = 0, 1, 2, · · ·. They form quasi-periodic correlation structures in a long range of the correlation distance. In Table II, Table II , there are also no periodic nucleotide strings for the almost non-periodic correlation structure. So the aquae genome almost has no periodic correlation structures.
Conclusion and discussions
In summary, using the metric representation and the recurrence plot method, 
